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SYl'TOPSIS 


The transformations occurring in a Cu-9Sri-6Sn alloy 
have boon studied by optical microscopy, electron microscopy 
and x-rajr diffraction. Tho sequence of the transformation 
in the alloy V7as found to be solid solution ^ spinodal 
decomposition ordering discontinuous precipi- 

tates, This sequence was maintained in both non prior cold 
worked and prior cold -worked alloy. Tho mechanical proper- 
ties of the alloy at different stages of heat treatment 
have boon obtained by tensile testing on an instron testing 
machine. The maximum yield and tensile strength was obtained 
in the allo3;' by cold rolling r.md aging for 10 minutes at 
350° C, The strengthening has boon found to be due to the 
modulated structure obtained due to spinodal decomposition. 
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INTRODUCTION 

Thermo mechanical treatment (TMT) is a combination 
of thermal and mechanical processes which modifies the 
structural transformation to give a better combination 
of strength and ductility. It consists of the application 
of plastic deformation either before, during or after a 
phase transformation. TMT is very widely used in the 
case of steel. However, this has not gained much importance 
for non ferrous alloys. Hart [1] and co-workers have 
done some pioneering work on the TMT of copper base alloys 
in the early seventies. They studied the strengthening 
by TC-IT on Phosphor bronze, Nickel silver, Copper-Beryllium 
and Coppor-Nickel-Tin alloys and their results wore very 
encouraging. Plowes [2] has done fLirther work on the 
Cu-9Ni-6Sn alloy and has obtained unique combinations of 
yield stress and ductility. 

The mocho-nical properties are undoubtedly a function 
of the relevant microstruct-ures developed in these alloys 
by suitable TMT. The existing literature in case of 
Cu-Ni-Sn alloys shows that there has been some controversy [53 
regarding the type of structures produced by conventional 
and TMT methods. Hence there is ample scope for doing 
further research in this area and throw some new light. 
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It was with thuso idoas that the pro sent work was started. 
Using a n'amb<jr of r«^-soarch techniq.nos like transmission 
oloctron microscopy, x-ray diffraction etc., a systematic 
study has boon made to find out the structural features 
produced in a nominal Ou- 9 -Ui— 6 Sn alloy consequent upon 
TMl and after conVvjnbional heat treatment. Further these 
mi cro structural featux’cs have boon correlated with the 
corresponding mochcaaical property values and attempts have 
been made, on this basis, to suggest suitable TMT schedules 
for the realisation of the optimum properties in this 
0.11 oy. 



CHAPTER 2 


LITERATURE REVIEW 

2.1 Affo HardoiiinA' Ooppo^r Base Alloys ; 

2* 1-1 Phase 

The important ago hardening copper haso alloj^s are 
1. Copper-Boryllitun 2, Coppcr-Titaninm and 3. Coppor-Rickol- 
Tin. The phase diagrams of these alloys .are shown in 
Figaros 2.1 to 2,3. 

2.1.2 Mochanical -Prop or ties : 

C oppor-Boryllinm ; The alloy of commercial importance 
in this system is the copper- 2 per cent. Beryllium alloy. 

The mechanical pi'ope-rties [4] of this alloy are shown in 
Table 2.1. 

Ooppor-Titaniun ; The important allo 3 /- in this system 
is Copper- 4.3 p^^r cent Titanium which exhibits the best 
mocbanica.1 properties [5]. The mochanical properties of 
this nl-loy are shown in Table 2.2. 

Coppor-Hjckol-Tin ; Moderate levels of Mickel have 
been added to a variety of bronzos for a number of years 
to improve fluidity characteristics, rofino gr.ain size and 
increase hardness in the as-cast condition. Larger additions 
wore known to significantly increase the hardness but the 
ductility was severely impaired. 
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TAJ3LE 2.1s MECHAl'TICAL PROPERTIES OF THE COPPER - 
2 PER CBi^TT BBRYLLim ALLOY 


Condition of 

Ult nmate 

Tensile 

Yield 

strength 

Percentage 

the alloy 

streii,s;th 

in Ksi 

in Ksi 


Elongation 

As annealed 

60 to 

80 

20 

to 

50 

55 to 50 

Pr e c ip i tn. t ion 
Hardened 

165 to 

185 

150 

to 

170 

1 to 5 


TABLE 2.2s 

ME CHARI CAL PROPERTIES OP THE 
4.5 PER CERT TITARIUT'd ALLOY 

COPPER - 

Condition o? 
the alloy 

Ultimate tensile 
strength in Ksi 

Percentage 

Elongation 

As annealed 

75 

22.0 

Cold rolled (85 

percent) 175 

1.8 

Cold rolled and 
tation hardened 

procipi- 

205 

1.0 

TABLE 2.5: 

ME CHARI CAL PROPERTIES OF THE 
ALLOY 

Cu-9Ri“6Sn 

Condition of 
the alloy 

Yield strength (.01 
per cent offset) in 

Ksi 

Percentage 
reduction in 
area 

As annealed 

15 

82 


/mnealed and hardened 88 10 

Cold rolled (99 per cent) 
and hard onod 


174 


55 
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Loo [6] invootiga ted th.o isotliermal .aging response 
in a Cu-6jKri-6Sn alloy. He f oimd that large changes in 
hardness could ho oht,ained by aging .‘To tomporaturos less 
than 400°C. Above this tGiaporaturo the h-ardoning response 
was slight. Below 400°C, TBM revoalort a vory finely 
dispersed continuoeis transform, a tion which could not be 
identified. This has boon identified by Schwartz [7] et al. 
as a product of spinodal docom, position. They have found 
tha,t spinodal decomposition occurs on aging 300 to 350'^C 
below thu equilibrium phase boundrary. They h.ave shown that 
this leads to strongthoning in the Cu-9Hi-6Sn .alloy. 

Plewos [2] has shown that the Cu-9Hi-6Sn may be 
thormo-mochanically processed to exhibit a 0.01 per cent 
offSvit yield strength of 174 Ksi together with .a 55 per cent 
reduction of area on fracture. They havo obtained a 
significant increase in the yield strength value of the 
cold worked state after aging for short time intervals at 
350° C. They havo explained th.at this increa,se was due to 
the modulated structure obtained duo to spinodal decomposition 

However, Helmi [3] ct al, who made a study of this 
.alloy by x-ray diffraction, have contradicted this. They 
h.avo expl.o,inod th.at the ho.avily doformod state of the lattice 
would prevent spinod.al docomposition. The inhomogeneous 
disloc.ation tietwork generated by plastic deformation woeild 
form nucleation centers for precipitation. In these regions 
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diffucion would lo controlled by the ctrain gradient 
rathc-r than by the concentra,tion gradient. The uphill 
diffusion would thus be hind>.-,rod. The 3 r concluded that 
the appar^int p..riodicity of the structure observed by 
PlGwos [2] in elGctron microgro-phs could bo caused by 
rioro or loss periodic arrangoiiont of the nucloation centers. 

The mo’chonical properties f 2] of tho Cu-9I’'Ti-6Sn alloy 
are shown in Table 2.3. 

2.1.3 Micro structural Aspects ; 

CGPper-BoI:.ylli^ 1 Ia : The first detailed electron 
microscopic study of the Cu-Bo system wow; done by Tanner [8j. 
He studied onlj’’ tho initi.al stages of the transformation. 

■Tie as qucnchud alloy showed a unifor'iii laottling in all 
gi '-'.if.ns -and this was in stronger contrast o,t extinction 
points. The diffraction p.a'f;terns rovGo,lod diffuse sca,tter- 
ing at o.-.cli spo’i/'. On aging for 30 minutes 'it 200°0 a unique 
striated micro structure was developed. The diffr, action 
pa,ttoriis showed distinct 100 and 110 relrods. 

On aging; upto 14 hoiurs there was a progressive increase 
in t]iO intenijitA?- of the relr -.'d s in diffraction patterns and 
the contrast -.)f the striatiTrns in the mi ere structure was 
iuprovod. lie found by storoogr.aphic analysis that the 
striations vrcrc po.,r?,llol to tho 110 traces. Tho 
diffraction efiects indicated that the initial reaction 
product w-as a thin disc shaped precipit.ate or G.P, zone 
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parallul -to tlio ciibe pianos of the natr?!::. Tanner 
concluded that tlic rjtri.a,tcd structure \ro.3 a strain contrast 
effect duw to ti’e chaerenejr of the 0.1-’. zones. 

0. Thom.ss [91 and Yanarioto [10] ot al. ho.vo reported 
similar stmeturoo. In thoir study tlio as q.uonched niicro- 
otructure did not chn-j any dislocaticui configuration 
resulting frvini Yr.cancy condensation which was expected 
in ago hard enable alloys. They explained that this was 
because iiost of tlio quenched in vaco^ncies wero held in 
super saturation -ual wore prab-ably rossocifitod with Bor 3 rlliuEi 
atoLLG. The aged alloy developed the unique strijited micro- 
structuro vj-hich is ;ilso known as 'tweed' structure. 

ImoLiot [10] observed that the striations did not possess 
Ducli a distinct inago such as dislocations or stacld-ng 
f''’!lt;s but wero rat!\cr a basket weave of light md dark 
contrast. The striivtions were found to have a high density 
and wore distributed uniformly throughout the micro structure. 
On further .aging rt higher tenporatiur’es the y' precipitates 
v/ith a 3.C.T. structure wore obtained. This was followed 
by the equilibrium y precipita.tG with .a B.C.C. unit cell at 
still higher iging tesiperaturos, 

C gjpor^ Tit ’uoiiui ; Cornie [11] et al, uade the first 
dot, ailed electron raicroscBpo study of the copper-Titanium 
systeu. They studied both the Cu-3 per cent Ti and Cu-4 
per cent Ti alloys* The electron nicrographs of the as 
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quenched alloy clioued a i.iodulatod structiure. The nodulated 

structure vxas characterised hy finely distributed cciitrast 

striations along tlio traces ox the {_100 5 natrix plmes 

or rod liku clusters along the ^-'100 \ directions. Electron 

diffraction patterns of the as-quenched apeciciGns showed 

sidvobomds along '.’lOO'' . The wavelength of the nodulated 

structure o.s calculated by the Daniel aid lipson [12] 

0 

ro'l. huionsliip was 50 to 60 A in the as quenched spocinen. 

On aging at 400'''^C cJ.ustor growth occurred -uad the wavelength 
of the periodic stiaicture gro.dually increased. The electron 
diffraction patterns showed tliab as aging progressed the 
sidebands noved towards the no.trix reflection ?xid eventually 
be cone indistinguishable fron the natrir spot. After aging 
the Cu-4 per cent Ti alloy for 20 lioiirs at 400^0 diffuse 
streaking along the <^100 \ diroctions was noticed. The 
diffraction pattern showed splitting of the diffraction 
spots along the '^lOO't diroctions. Oornio [H] 'St nl. 
have ci'v^’lainod that this splitting w;is associated x\rith the 
fornation of the .uetastablo tetragonal iS ’ phase. They also 
explained that t’nc appearance of t}ie jB ' phase was not 
associated with a breakdown of coherency and the generation 
of interfacial dislocations since dislocvbion networks 
could not bo observed at interfaces. However, thw nicro- 
graplis showed 6 fringes at tbxis stage which wore typical 
of colioronb boundaries arising fron /As and /L\ g nisnatch 
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in rocijroc.'il s^j'^.co ncross the cohorcnt intorfacos. The 
rj axinui'i strength v.'iluco wore asaeciated '.■j'itli the fonaation 
of the j3 ' ghaso in the Cu-Ti alloys. On further aging 
the oqaiilibriuii Ou^Ti phase was foriiod as a diocontinuous 
precipitate . Ovoraging was associatvyl with the fornation 
of the oquilihriun phase, 

Dutlciorwich [13} and Dutta [14} ot al., who have 
iiado recent studios, ho.vo rop.ortod sinilar ni cro structure s . 

In addition they fo\.md woa.k superlattico reflections in 
the diffr.action pr'.ttorns at the early stages of .aging. Tho 
superlattico reflections were found to hocoLie sharper and 
iiore intonso during prolonged aging. 

Dutleiowicz [13} have studied the i licrostructure of 
deforaed and aged :all').ys in addition to the annoaled and 
aged alloys. The as dof-irnod (70 per cent) oiloy showed 
elongated suh grains within the grains and doforaation 
bands. On aging at 400^^0 no tjrduring was observed while 
anriOalod and aged 400^0 alloj?' showed -oriloring. They concluded 
that the effect of dofornation in depressing the ordering 
pi'oc'^'Ss night result froi-i heterogeneous preci.pit<atioii on 
crystal defects which docroasos the titanius content in the 
solid solution. The doforaation wa.s also found to influence 
the discontinuous precipitation. On "geing at 400°C the 
discontinuous precipitates nucleate at the grain boTindary, 
cubgrain bo-undary and dofornation bands. 
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laugliliii aiui Ctvhn [15] iiavo coiiliri.iocl that the 
initial stagos of tho transf ornation in Cu-Ti o.lloys was 
by G;,jin')dal docor.position. They have shown that tho 
diffusion coefficient D .was n-g‘'-tive by nucans of nicro- 
structural observations. Since D x/as negative they concluded 
that there was soinodal docoug sition. 

CoPUer-lTickcl—Tin ; Schwartz [7] et al. X'.’-ore tho first to 
nako an electron nicroscogo study of tho Gu-^IIi-Sn alloy. 

Tho as quenched .o,llo 3 r (Cu-9I'ri'-6Sn) showed glide dislocations, 
which tend to dissocio,to into Shockley portials, S 02 :)'irated 
by faulted regions. Tliere nc structural foatixcos 

observed th'ot could imply dc conpositi:)n of tho solid 
solution. The 350''^0 agod alloy showed modulated regions 
which api oared to ozhibit some order in their arrangement 
along <100/' directions. These regions x^oro honogonoously 
distributed throughout the matrix and did not tend to 
nucleate preferentially cither at tho grain boujidarios or 
existing disleca cions. The electron diffraction patterns 
showed sidebands along ./lOO/ . The wavelength of tho 
modulations incre.asod orith the aging tii..o an.-l. tho sidebands 
in the diffraction pa.ttorn moved cl'’ ser to tho m-ain spot. 

On aging for 80 ]X 'urs tho micr istruct’iiro slmwod regions of 
discontinuvous precipitation inter sporcod x-ritb nodulated 
regions. The cliscontinuo^lc precip-itatos appeared to grow 
in a parasitic manner by ceiisiining tho modulated struc’ture. 
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It was .jbsorvoclj, in Most cases that the discoiitinuous 
precipitates originated n.t the grain bounlarios and pro- 
i^agatod towards the grain inti--rior. After aging for 160 
hours the Modulated structure was absent and the only 
proainont feature was the discontinuous precipitates. 

Baburaj [16] ot al who nado a recent study of the 
G‘u-9B'i-6Sn alloy Lave also reported a uodulatod structure 
in the annoalod and aged raaterial. The electron diffraction 
patterns showed side bands. In addition they found super- 
lattice spots in t]iC electron diffraction patterns indicating 
tl.'O f'jrLiation of an ordered phase. 

Plewes [2] has made an electron microscope study of 
the cold worked and a.ged alloy. The as cold worked alloy 
revealed a heavily tangled dislocation network with a 


tendency tovrards a loose cellular structure. After aging 
for 30 minutes at 350°C limited dislocation rearrangement 
had occurred and a more well defined cellular structure had 
developed. A well defined second phase network could also 
bo rosolvvd at high magnifications. This appeared morpholo- 
gically similar to the mod’ulated structure obtained in the 
annealed- and aged alloy. The structure was of a completely 
continuous character and was uniform both in size and distri- 
bution. Electron diffraction pattern rovoaled broad, diffuse 
textured diffraction rings and side bands could not bo resolved. 
The wavelength of the modulated structure showed little 
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tcnd'jncy to coi^rsoning as aging progrossod. Aftor 17 
hours of aging aroand 70 per cent of the matrix had 
rocrystallisod . Thu modulated, structure could he noticed 
GTon at this st'.gc in the non rocrystallised regions. 

Regions of lamcllrar discontinuous procipitatos could ho 
observed in th^j iatoriors of the rocrystallised structure 
after prolonged aging. 

2 . 2 Strengthening Methods for Qu-B^'.se Alloys ; 

2.2.1 Strengthening by Gold ¥orIcing ; 

Cold working is the most commonly used method of 
strengthening in copper base alloys since most of those 
alloys are not suscoptible to boat treatment. The strength- 
ening obtained by cold working i.s due to the process of 
strain hardening. Strain hardening occur, s due to the inter- 
action of di,oloc.ation5 with othe-r dislocations and with other 
ha.rriers to motion through t]ie‘ l.attico. In a polycrystalline 
specimen bocauso of the mutual interference of adjacent 
grains multiple clip occurs re.adil 5 r and there is appreciable 
stro.in h.ardoning. The tensile strength and yield strength 
of the o.lloy increase and the ductilit 3 i" decreases with 
incruasing cuiioun*: of cold work. 

The ctrengthoning by cold workii^g of copper has been 
studied by a nuiuber of workers. Wingrove [17] has studied 
the strengthening in pure copper. He foixnd that on 



16 


deformation o, dislocation coll strLictuiXo was formed and 
the coll size was relatively constant .alove a certain 
value of strain, Howevc-r, despite the fact that the cell 
size was constant, the strength continued to increase as 
a function of tl;o strain. ■Truclener ot al, [18] postulated 
th.at the strengthening in pure copper depends both on the 
coll size and the level of tien-uniform strains associated 
with the dislocation substructure. They have shown by 
x-ray diffraction that the moan free path (i.o. cell size) 
associated with the dislocation substructure- produced in 
high purity copper by rolling initially doci’oases .and then 
becomes essentially constant for deform.atioiis of more th.an 
50 per cent K.A. Beyond the point where the moan free path 
became constant? the m.atorial continued to work harden which 
could bo rc-lo.tod to the build up of the non-uniform strains 
in the subotructui’o as shoi-ra. by the mis microstrain detur- 
minod by x-r.ay diffraction. The strengthening associated 
with dislocation siibstructui'cs wa.s expressed by an empirical 
relation of the f'lmi; 


Act 



/e5 V 1/2 ]3/2 

'•v 1 / 


whero D - moan free path (i.o, 
non uniform strain 


Particle size) 

(i.a. mis micro strain) 



T 


const.ants 
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2.2.2 Stren^‘:theninr: by Convontional Heat Treatment ; 

Host of tlie copper "base alloys are not amenable to 

heat trea,tinent. However, there are some important alloys 
like Ou-Be which can be age hardened. The age hardening 
treatment consists of 1. solution treating, 2. aging. The 
ro ' 0 ' temperature micro structure of the alloy in the 
annealed condition is a two phase structiire of a and p. 
Solution treating consists of heating the alloy above the 
solvus temperature in order to dissolve the p phase in the 
a and thus form a homogeneous solid solution. This is 
then quenched to room temperature in order to give a 
stipor satura bod solid solution. The aging treatment consists 
of heating the alio;/ below tlie solvus tvomporature for 
various lengths of titne. On aging precipitation of the 
p phase occurs. This precipitation of second phase leads 
to strengthening of the alloy* The tensile strength, 
yie2.d strength and hardness are increased appreciably. 

Oi further aging precipitate coarsening occurs. The 
Gcarsening loads to de'croaso in strength and this is called 
over aging. 

2.2.3 Strengthening by Thermo Mechanical Treatment : 

Thermo mechanical treatment (TMT) utilises plastic 

dcfoimation alongwith heat treatment to modify the structural 
transformatic'n and thus achieve a better combination of 
strength and ductility. It Consists of the application of 
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plastic deformation either before, dLiring or after a 
phae-“ transformation. The phase transformation generally 
involved in copper bo,so alloys is precipitation hardening 
al Though eutoctoid hardening occurs in some Aluminium 
bronzes, II. R. Hart fl] and co-workers have carried out 
T.M.T. on Cu-baco alloys. The troatraent consisted of a high 
degree of cold work exceeding 95 per cent thicloiess 
reduction followed by a heat treatment below the rocrysta- 
llisation temperature. The S'^vero cold v^ork resulted in 
increased strength due to strain hardening and texture 
strengthening. The heat treatment recovered the ductility 
while maintaining or increasing the strength imparted by 
cold work. The alloys studied by them include Cu-5 Sn, Cu-9Hi- 
2Sn, Cu-12Hi-28Zn and Cu-2Be. In the case of Cu-5Sn they 
fou:id an increase in the 0.01 per cent yield strength from 
5 to 20 Ksi over the cold rolled condition duo to the low 
temperature anneal. The extent of the increase depended 
upon the dogroo of cold rolling above 85 por cent reduction. 
Below 85 pG^:’ cent reduction the response was loss consistent 
and the increase in strength varied from 0 to 10 Ksi. 

Tisone [19] ct ol. have postulated that severely cold 
worked m.aturial accelerates secrnid phase precipitation during 
subsequent heat treatment. The increase in th© yield 
strength was claimed to be due to this precipitation. 



19 


Caron [20] ot ol* hnva made a electron microscopic 
study of tile stro-iigthoning by T-M.T. in Cu-5Sn bronze. 

The=y found no oridonco for precipitation over the range 
of tiiormal tro.atn.-ui ts fr.r ■'.jJiich enhoncoiriont of the 0.01 
por cent offset yield strength was exhibited. They concluded 
tlio.t the strength enhancement could bo caplained by a 
reduction, of the mobile disloco.tion density by rearrangement 
into st'.hDlc- arrays and/or dislocation pinning by tin atoms. 

Plowes [2] has obtained an yield strength of 175 Ksi 
togehiior with a di.xctility of 55 por cent reduction in area in 
a Cu*-9ITi-6Sn alloy by T.M.T. Those mn,ximum values were 
attouned in the alloy cold rolled (99 per cent reduction in 
area) and aged at 350'^C for 2 minutes. It higher aging timo 
there wo-s a reduction in both the yield strength and the 
ductility values. lie has observed that a minimum of 75 
cent R. A. of Ci’'ld woi k was necessary to obtain a high yield 
strength alongvfith good ductility. Below this level of cold 
work the alloy was fouid to be brittle after T.M.T, 

2.5 Mochariioms of Strengthening : 

2.5.1 Spinodal Decomposition ; 

2. 5.1.1 Basic Theoretical Concepts ; Spinodal decomposition 
is V phase transformation in which a solid phase A separates 
into two other sv^lid phases B and 0, The now phases B and C 
have either the same crystal structure or slightly different 
crystoJ. structure as the parent phase A but are of different 
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A cli 'jracteris tic feature of spinodal 
uocc'iiposition ic; thn,t the transformation occurs by uphill 
diffusion, tlio.t ic, diffusion occurs aga.inat the concen- 
tration gradioiit. Thu phase diagram of a binary system 
containing a. Gijinjd:al is shown in Fig, 2.4. 

Thu moebanisra of spinodal decomposition has been 


explo,inud by Cahn f 21] by c nisidoring the clustering 
phoiiomono., Clustoring is the tundoncy for atoms of the 
oamo spccios to group togotlior.Wlion thuimiodynamic conditions 
a,ro fn,vouro.blu for spinodal ducomposition the i^ruforonce 
for like atoms is so largo that in a concentration gradient 
the m<.-)Vuniunt of atoms is up the c jneentration gradient. 

Thi, loadJs to spontaneous separation int^'- two phase as shown 
in Fiigure 2.5. Tho atoms in the gradient move towards the 
cluster of thir spucies and cause its concentration to 
increase, leaving a depleted zone around it. The outer edge 


of the depleted zone contains atoms that a.lso sense a con- 
centration gradient but awa.y from the original poxticle. 
Because of their short range interactions thuy sense only 
the depleted zone and move away from it, building up a new 
cluster at a short distance awaay from the original one. In 
this way there is rapid forinati.:n of extremely small clusters 
appr'-ximately periodically arrayed in space. 


2. 5.1. 2 Thermodg-nojnics of Spinod<al Bo com posit ion ; The thermo - 
dyn^i-.'.ics of spinodal decomposition can bo exiolainod in terms 
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Pi«, 2.4 - Bimary ph&sd aiagram coataiMinfi a aptnodal. 



Pis. 2,3 ll«obaiii»Bi of apinoAal daeoBiposltioa. 
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o'x froo ^'nvjrgy-conpoDition diagrniiiG. The froo cnorgy _ 

conpciGi tion diagr'',i..s at a tonporaturo T-, outsido the spinodal 

iG Gho^rn on Pig. 2.6. If thoTO is fluctuation in 

c,"].p..-)3ition, tiiO fi’oc energy of the nizture so fonaed is 

hig .or than the fi’Oo energy of the original alloy. This 

indioatos that th^ .alloy outsido the spinod.al is notastahle. 

The free enorgy-ccjnposition diagran at a temperature 

inside the spinodal is shown in Figure 2.7. A homogeneous 

phase of Ceiaposition C.^ is soon to bo unstable-, as small 

Ge].'arations in co»,:po sition about all lower the free energy. 

Thus such separations occur spontaneously and once they have 

occurred are stable. The cepar.a.tions continuo until the 

lowest froo energy for is acliieved which is a two phase 

mixture given by the common tangent. This spontaneous trend 

aw, ay froii h.;jmogenis.ation leads to a diffusion-al flux against 

the c encon tration gradient. The Gssonbi.a,l feature in Helmholtz 

f ri,. ^ energy F which produces those effects is that the molar 

free energy at 0^ has negative curvat'uro. The range of 

negriGive curvature is bounded by the inflexion points in the 

free energy curve. The locus cf the inflexion points is 

called the spinodal and the ijhase change which occurs in 

this is called opin.'d.al decomposition. The inflexion points 

are those whore the second derivative of the free energy 
2 

(-“ equal to zero. The spinodal marks the limit 

>C^ ■ , 

of riotastability in the system. The phase existing outside 
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tho Dpinodnl ia nietastable o,nd the phase oxieting inside 
the Si^inedal is ma stable*. 

Cahii [ 22 , 23 ] wa,s the first to evolve e, theory to 
ex 2 )l.ain spinodal decouposition. flo b.as considorod the 
transfomation in the case both tho isotropic solid 
solution and in a crystal of co,bic Gj.n3rootry. In the case of 
a isotropic SvOlid solution lie [ 22 ] has shown that the difference 
in free energy pel' unit voluue between the initially horio- 
geneous solution and one with a C"nposition fluctuation was 
given by 



If this was negative then the solution was unstable 
with respect to sinusoidal fluctuations of wavelength 2 ti /^, 
'Ilio limit of cotastability was given by the locus of 



This reduces to tho spinodal when 11 = 0 
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In tlio casu of a crystal of cubic rsynnetry Cahn [25] 
showed that the free energy change unit voluiie was 

given by 


~V 


A' 




■> 

' -*■ • ^ 2 Tr / T r\r\ \ t 2 ■ 




+ 2n^ Y(IOO) + 2Kp^] 


where- Y(IOO) = 

^11 

Ht-ro Cahn [23] a.osu^od that o,ll ajiiso tropies in the 

early stage e of the decoaposition were exclusively due to 

e3.astic aelotropy since there is no anisotropy in the 

inci’oient surface free energy. The above relation was 

voliti for the elastic anisotropy factor 2 C^^-C^^+C ^2 / 

I'or this condition tbo elastic energy was uinimun for |3 

paroJ-lol to Z^lOO') and the solution was expected to first 

I 

boconc unstable t ' 100 < plane waves. The Unit of 
no fast ability in this case was given by 
2 


a 4>1 


dC' 


+ 2t]^ Y(100) 


0 


Sinil.arly when 2Q^^-0 -, + 0^2 ^ the ol,astic energy 

was nininun when p was parallel to (111) . The Unit of 
no to.stability for this case was given by 
2 1 


whore Y(lll) 


+ 2r]^ Y(lll) = 0 

dO^ 

6(0^^ + 20^,) C, 


^12 ■ 


^44 


"^^^44 + ^11 + 20^2 
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2,3.1»5 Diffraction Effects in Spinodal illloys ; X~ray or 
Electron diffraction of si^inodnl alloys reveals ’side bands' 
or 'satellite' rcfli^ctions . Sidebands in diffraction 
eattorns v,'oro discovered by Bradley [24] in aged Cu-M-Be 
alloys. These wore iiitoryroted by Daniel and liyson [12] in 
terns of a ' wove-liko ' clustering or periodic redistribution 
ot the .solute during a,ging. Tnis leads to periodic varia- 
tions in the labtico spacing and scattering factor which 
causes the 'side bands' or 'satellite' ruflocti'^ns in the 
diffrn,cti''ui patterns. The wavolongtli A of this modulation 
is given by tlio Daniel Lipson rolationship [12]. 

\ = ha tan 9 

(h^+k^+1^) /i 9 

where (li,k,l) = Miller indices of the fundamental refloctions. 
a = Lattice parameter of the matrix, 

© = Bragg angle of the reflection 

/\Q. = iingular displacoiient of the sideband peak 

oi" reflection from the fundamental reflection 
The sidebands have boon observed in a nimiber of 
spin, id 0,1 alloys. Butler ojid Tiiono-s [25] who hove recently 
studied the diffraction effects in Cu-lTi-Pc alloys have 
confirnod the prosoncG of sideband s along the <(^100 ]> 
dirocti uis. 

C)rnie [11] et al. observed sidebands in Cu-Ti spinodal 
alloys. Lauglili,’! [15] et al. raid Dutkiowickg; [15] have 
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coiifirned the ijrosence of sidobcuids along the /^100^> 
dii'-c 'Jions in the diffraction patterns of Cu-Ti alloys. 

Schwartz [7] et al, have found 'sideb.?,nd' reflections 
oxonnd the (111), (200) and (220) reflections in quenched 

and .aged Gii-9tTi-6Sn alloys. The wavelength of the satellite 
reflections increased with the aging tine and the sidebands 
;novod closer to the fundauontal reflections. Lefovre [26] 
et .‘ol have reporte'd sidub.ands aromd ahe (200) reflection 
in quoiichodL and aged Cu-15ifi-8Sn alloys. 


2 , 3 . 1 . 4 Stronigthoning Effect of Periodic or Modulated 

Structure s ; Cahn [27] was the first to evolve a 
tbcjry to cxplaiai the stronghening effect of nodulated 
structuiiva. Ho considorod the forces on a, dislocation 
ia'lucod by the nodulated structure oiicl concluded that the 
int'.;racti of the dislocation with the elastic strain field 
would preduco the doninant strength controlling force. In 
his an.alysia he described the structure as consisting of 
throe nutually per}} end icular cosine waves of the 

type C(x)-0. = A cos S . The internal stress field produced 
by such a sinusoidal conposition wave in the x direction 
was given by, 


a = cr 
yy zz 


A T) Y (100) cos P 


X 


where A 

j3 = wave vector 


of the nodulation 

— ~ , A = wave length of nodulation 

A 
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T) 


\qo 


Distortion parameter 


;ln a 
. C 


Y = 


(Oil + 2C^2 




C. 


11 


= Yoimgs Modulus 


Cahn [27] found the force on edge and screw dislocations 
arising from this interaction to be far greater than that 
duo ‘JO the effect of the gradient in the elastic modulus 
on the dislocation self energy or to the interfacial energy 
created by a cutting dislocation and neglected the latter 
forces. Considering the (111) [110] slip system, Cahn 
solved the string model of the mobile dislocation for two 
extreme values of the parameter A r) Y b /y b. Dor the 
condition A p f b/y b 1 there was little bending or bowing 
of the dislocation and the critical resolved shear stress 
req'ijiired to move the essentially straight dislocations through 
the periodically varying stress field was given by 


71 ^ b 

v’ = 1 (For screw dislocations) 

° 3 ^e p'V 

2 2 2 

_ A — (For edge dislocations) 

° f2 p y 

Tho barrier to edge dislocation was about 5 tames that 
oncountorod by screw components. It h.as boen observed by a 
number of workers that Cahn's theory for strengthening does 
not tally with experimental results and was an ■underestimate. 
Due to this apparent inconsistency a number of other theories 
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H-ViP qtrGngthening . Ghista [ 28 ] 
wore proposed to explain one six o o l j 

. n 1 j. 1 ^1, ^-F-pnr>ic nf van.ying clastic modiiLus 

ct al. evaluated tlie eliOcio ox .7 o 

,, ^ ^-1 4> Thoir analytical procedure 

on tliG aisloc..;,tion soli onergj. -- 

n -rr^rUiGG problcm to One Of 

raay 00 questioned as tn-av reexe.- x' 

^ . T • , 7-,. c;-! eriiig interaction of a 

cylinarical sym:;TCxr3;' uy consx>.exi t 

^ .. . , - . , -T 1 -r overaged composition fluctuatit^r 

dislocation uitn tie spatxv.li^' ave ^ 

rv . -4- > - onm--,ioTi sed as shoving a dependence on 

fncir results raaj’' he suimiarioeu o 


A iind of the form, 




-1 


^ , , , . 4? 4 4- ,^v-’-’orimcntal measurements of 

In attempting co in eixj-exxui 

yiold strasD to thoory, other experimenters have invoked 

theories whioh in no way should bo oxpootod to apply to 

4-1 >Tr T.TOT'o developed to doscribo the 
spinodal alloys, oos they wore Ch-vox >- 

.4 4. on.-, „„-t-4^voo with small volume fractions of 

interaction of dislocations witn 

n - nri-cipi^atos of a square vavc 

randomly aispersod sphoriCoil pr- r 

, -D,,-!-! .V. [ 25 ] Gf nil. invc’ ■>(! the 

composition;!! prccilo. nuoi-o. 1 yj 

, o _u 1 a- roQl which, predicts for fixed 

theory of Mott and Ciabarro i. lyj ^ 

volumo fraction, a A p. 

t'zat -.4- ni ns . 4 a modification of Mott 
Mihalson [ pO] en, .ai . u.x.4u 

a.n tobarro thoory vhloh prediots for a fixed volumo fraction. 

a 


'MH 


A' 


-) 4 I 1 - Of-, ■’m ^chw^rtz r 7 j ct al , and Dutta [ 14 ] ct, 

Roc'.;-nt studies oy ocaw...x 

,, 4 -ivr oo-hTi f q [271 thoory was based on a 

al, have shown that; only Cahn si 

. .41 -„n.ntr qt.ivos of the decomposition, 

realistic model of the uarlj stage, 4 
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Scwcirtz [7| et al. hava serioiisly attempted to 
critically analyse the mechanical strength of olloys strength- ’ 

onecl loy mod-alo,tGd structures. They have shown that Cahn’s [27] 

% 

theory essentially describes the strengthening in Cu-Fi-Sn, 

Cu-Ti, Au-Pt and Cu-Hi-Po alloys, to witliin o. fo-ctor of 
about 2. They concluded that the strengthening predicted 
by Cahn’s [27] model was an undorestjjnate since the internal 
stress field derives from a summation over a spectrum of wave 
lengths. They suggest that a modification of Oahn's analysis 
to include the effects of a generalised composition mod-ulation 
should give bettor o.groemont with experimental results. 

Dutta [14] et al. who have studied the hardening in 
Cu-Ti allojrs have also observed that Cahn's theory tends 
to generally underestimate the strengthening by a factor of 
2, They explained that this was not surprising considering the 
simplifying assui'nj.)tions made in the theory. They found that 
Cahn's theory was strictly applicable only to the early 
sts.ges of the aging when a sinusoidal profile could' be 
approximated. They conclude that in spite of these reservations, 
Cahn's [27] internal strain hardening model appeared to be a 
good first order approximation describing the mechanical 
strengthening due to the foiuation of modulated structures, 
regardless of the origin of these fine scale precipitates if 
tho strengthening was derived primarily from the coherency 
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strain fields of the coherent composition fluctuations 
or particles, 

2,3,2 Precipitation Hardening ; 

This is an important strengthening mechanism in 
non ferrous alloys. The phase diagram of a precipitation 
hardening alloy system is shoim in Figure 2.1. The basic 
requirement of a precipitation hardening alloy system is 
that the solid solubility 3.imit should decrease with 
decreasing temperature. The strengthening in this process 
is due to the precipitation of a second phase p in a 
supersaturated a solid solution on aging below the solvus 
temperature . 

The electron microscope study of the phase chagos 
occurring in Cu-Bo alloy (a typical precipitation hardening 
alloy) has already been reported in section 2.1.3, The 

aging sequence observed in these alloys was G.P. zone 

intermediate precipitate — ?.■ equilibrium precipitate. The 
hardening in the Cu-Bo alloys was associated with the 
formation of G.P, zones and intermediate precipitates* The 
softening occurred with the appe.aranco of the equilibrium 
precipitate. 

The hardening was duo to the interaction of dislocations 
with the G.P. zones and precipitates. The obstacles to 
the motion of dislocations wero 1. The strain field around 
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tho G-.P. zones ^2. The G-.P. zone or precipitate themselves 
or both. In case tho zones or jprecipitaiJo s thomsolvos 
wore involved the moving dislocation must either cut through 
til on or go around them. Thus three major types of preci- 
pitovtion hardening could be identified, namely, 1. chemical 
hardening, 2, internal strain h.o.rdoning, and 3. dispersion 
hardening. 

The internal strain hardening noebauisn was first 
proposed by Mott and Fabarro [29]. They loointed out that 
if tho atonic volume of the precipitate andvpiatrix were not 
the same and the precipitate was colioront with the matrix, 
then internal stresses arise which would oppose dis- 
location notion. They evaluated the moan internal shear stress 
r for the case of spherical particles containing atoms of 
moan atomic radius rj_ in a matrix containing atoms of mean 
atomic radius r^ to obtain 

T = 2 G e f (1) 


where , 

G = shear modulus, 

ri - r 

e = misfit of tho particle = ^ ^ , and 

f = volume fraction of precipitate. 

This result was indoiiendent of the size and spacing of the 
precipitates. They identified tho flow stress with the 
mean internal stress so that = 2 G e f when the particles 
wore of such a spacing that the radius of c-urvaturc to which 
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a dislocation could be bent by the nean internal stress 
•wa.s suallor than or equal to the spacing of the precipitate. 
For this condition to apply If inplied thri,t 

d b/4 e f (2) 

where , 

d = average separation of precipitate in the glide 
piano, b = Burgers vector of dislocation. 

Mott and Nabarro have shown that if the spacing of 
the proclpitates was loss than that given by equation (2) 
above the flow stress would be less than that given by 
equation (1). They concluded that there nust be a critical 
spacing of tlie precipitates for naxinuii strength. 

The dispersion hardening theory was proposed by 
Orowan [31] ♦ Ho asounod that the precipitates do not 
dofom with the matrix and that tlio yield stress was the 
stress necessary to expand a loop of dislocation between 
the precipitates. This yield stress v was given by, 

T = ^ 

where , 

G = shear modulus, 

d = separation of the center of the poxticles, 
b = Burgers vector of dislocation. 

When this yield stress was exceeded the dislocation could 
neve through the precipitates by leaving a loop around the 
precipitates. 
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The choaical hardening nech.aniSLi was proposed by 
Kelly and Fine [32]. They considered the Al - 4 per cent 
Cu alloy where the copper atoms tend to fom zones by the 
clustering nechaiiisa. They pointed out that when the 
dislocations pass through a zone, the nunber of copper - 
copper nearest neighbours was altered. This breaking of 
copper-copper bonds increased the energy of the systen. 
They concluded that additional stress nus't bo applied to 
provide this energy during slip. 



CHAPTER 3 


EXPERIMENTAIi PROCEDURE 

3.1 Material Preparation ; 

The alloy was prepared by induction melting of 
high purity Cu, Hi and Sn in Argon atmosphere. The 
dimensions of the ingots were 4” x 1’' z 0.2”. The as cast 
alloy was homogenised at 825°C for 50 hours in Hydrogen 
atmosphere. The alloy was chemically analysed and it was 
foimd to have the following composition; 

Ni : 8.82 weight per cent 

Sn : 6.12 weight per cent 

Cu : Balance 

3.2 Cold Rolling : 

The alloy was cold rolled on a 2-high laboratory 
rolling mill using paraffin oil as a lubricant. The strips 
wore reversed end to end after each pass. In between any 
two successivu passes the strips were dipped into a bowl 
of cold water to minimise tomperaturo rise due to deformation 
as far as practicable. The material was rolled to 95 per 
cunt reduction la thiclmess. 

3.3 Preparation of Tensile Samples : 

Tensile samples wore prepared from the cold rolled 
material. Tho dimensions of the tensile sample are shown in 
Figure 3.1. 




Fiq 'S''- tensile sample 
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3.4 Heat Troatmc-nt ; 

'The hoat treatment was carried out in a pot furnace 
using a Almol-Chromcl tliormo couple connected to a Leeds 
and Northrup tomporature controller. A salt bath consisting 
of an eutectic mixture of 50 per cent sodium nitrate and 
50 per cent potassium nitrate in a stainless stool crucible 
was used to prevent oxidation of the samples. The tensilo 
samplos wero agod a.t 350°C and 600°C for various lengths 
of time. Small strips cut from tho rolled sheet were also 
aged at 350°C and 600°C for various lengths of time. These 
strips wore used for electron microscopy. X-ray diffraction 
and optical microscopy. 

Another hatch of tensile samples wore annealed in 
a tube furna.co at 825^0 for 30 minutes using an Argon 
atmosphere. The annealed samples wero agod at 350°0 for 
various lengths of time. Small strips cut from the rolled 
sheet wore also a,nnealed at 825'^C and then aged at 350*^0 
for various lengths of time. These strips were used for 
electron microscopy, x-ray diffraction and optical microscopy. 

3.5 Optical Microscopy ; 

The saiaplos wero mounted on perspex blocks using cold 
sotting resin. They were polished using different grades 
of emery paper and wore given a final polish on the lap. 

The samples were etched using a etchant of the following 
compo sit ion: 
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At4-t5 1 1 : H 2 O 2 • H 2 O 

Tho otchod spocincns were observed under an optical 
nicroGcopo and tho ni cro structure was recorded on photo- 
grapliic filn, 

3. 6 Electron Microscopy : 

Tho electron aicroscopy was carried out in a Philips 
E]>I 301 nachine operated at 100 KV, Foils were node fron 
the rolling pl.ane sections. The naterial was given an 
initial, chonical thinning in a 50 per cent HNO^ ; 50 per 
cent H 2 O mixture to reduce it to about 0.005 inch thickness. 
This was then oloctropolishod using an electrolyte comprising 
of. acetic acid and nitric acid in tho ratio of 2tl. Tho 
bath was maintained at sub-zero temperatures using ice and 
liquid nitrogen. The voltage used was 15~17 volts. A thin 
stainless steel rod bent into the form of an U was used as 
th.,' cathode. Tho foils so made were enclosed within tho 
grids and examined under tho microscope , 

3*7 X-Ray Diffraction ; 

The x-ray diffraction was carried out in a General 
electric XRD-5 diffractometer. The nachine was operated at 
55 XV and 18 nA using a coblat target and iron filter. The 
specimens were of tho size (1" x 3/4") and the scanning 
was carried out between 50'^ and 100°. Tho diffracted 
intensity was measured with a proportiona.l counter and was 
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displayed on a ch'irt ro cord or. 

3.8 Differeiitinl Tliornal Analysis ; 

Difforontial thomal analysis was porfomed on 
the annoalod shoot naterial. In this technique the sanple 
tonperaturo was continuously conpared, during heating, 
with the tenperaturo of a reference specinon and the 
difference in tenpera.turo recorded as a, function of tenpora- 
ture. Ihe soi'-iple and the reference naterial wore heated 
in close proxiiiity by placing then in soiDarate chanbers in 
snail cups nounted on the tips of thonao couples. 'The 
oxperinonts were carried out in a Dorivatograph. The naterial 
to bo analysed wavO in the fom of snail disks, about 0.15" 
side cut out fron the annealed sheets. Those were given a 
slight chonical polish in 50; 50 HNO^sH^O nixturo, washed in 
water and alcohol .and dried. These were then put in one 
of the container cups. The other cup contained an equal 
weight of reference naterial i.e, 95 per cent cold rolled 
copper shoots in the fully re crystallised condition. The 
heating of the specinon and the reference naterial was done 
under a blanket of Argon to avoid oxidation at a rate of 
5°C/nin upto TOO'^C. 

3.9 Tensile Testing ; 

The tensile testing was carried out on an Instron 
testing nachine at a cross head speed of .05/nin. and a 
strain rate of .033/nin, 
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3.10 Scanning Electron Microscopy : 

Tho fractured surfaces of a few cold worked and 
a,god tonsilG specinons were exaained using a Canbridge 
*Streosca,n' scanning electron aicroscope. 



CHAPTER 4 


HlZPSIilMEHTiVL RESULTS 


4.1 Results of Mechanical Testing ; 

The results of mechanical testing are shovna in 
tabular form in Tables 4.1 to 4.3 and graphically in 
Eigares 4.1 to 4.3. 

4.1.1 Cold Rolled and Aged at 350°C ; 

Yield Strength (Y.S.) : The 95 per cent cold worked 
alloy is found to have a 0.2 per cont yield strength of 
115.8 Ksi. The yield strength values increase steadily 
from the cold worked value for the samples aged at 350°C for 
shorter time intervals up to 1 minute. For the 1 minute 
aged sample the Y.S. is 129.9 Ksi. There is a sharp increase 
in the value to 150.1 Ksi for the 5 minntos aged sample. 

The Y.S. further increases to give a maximum value of 168 Ksi 
after 10 minutes aging. It decreases slightly to 160.5 Ksi 
after 30 minutes aging. There is a fiiL'’ther fall to 150.1 Ksi 
after 1 hour aging. The Y.S. decreases steadily to 136 Ksi 
after 6 hours aging, 134.0 Ksi after 15 hours aging, and 
132.5 Ksi after 20 hours aging. 

Ultimate Tensile Strength (U.T. S.) s The U. T.S. of the 
cold rolled alloy is 141.5 Ksi. It increases sharply to 
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TABLE 4.1; MECHiuIIGAL PROjGERTIES OP Cu-9Ki-6Sn ALLOT 
95 PJR'l CENT COLI) ROLLED AI'Ti) AGED AT 350°C 


Aging 

Tirao 

Yield 
strength 
in Ivg/mm^ 

Yield 
strc-'ngth 
in ASi 

tlitiraate 

tensile 

strength 

in 

Ultimate 
tensile 
sti-ongth 
in Ksi 

Percentage 

elongation 

As rolled. 

81.4 

115.8 

99.4 

141.5 

2.7 

10 secs. 

82.6 

117.6 

94.5 

134.4 

2.7 

20 sees. 

85.8 

122.0 

114.3 

162.5 

2.9 

50 £.ccs. 

88.2 

125.4 

115.7 

164.6 

2.9 

1 min. 

91.4 

129.9 

115.7 

164 . 6 

2.9 

5 min. 

105.5 

150.1 

118.1 

168.0 

3.1 

10 min. 

118.1 

168.0 

132.3 

188.1 

3.3 

30 min. 

112.9 

160.5 

117.8 

■ 167.5 

4.4 

1 hour 

105.5 

150.1 

115.7 

164.6 

4.8 

2 hours 

101.9 

145 . 0 

116.8 

166.0 

4.8 

4 ho^irs 

99.5 

141 . 5 

115.2 

164.0 

4.3 

6 hours 

95.6 

136.0 

114.1 

162.2 

4.9 

15 hours 

94.2 

134.0 

113.4 

161.0 

5.2 

20 hours 

93.2 

132.5 

112.9 

160.5 

5.3 
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4.2 J Kh 

CiiAillCAL 

PROPERTIES 

0? Cu-9iTi- 

.6Sn ALLOY 


95 

PER OBEY 

COLD R0LL1 

.13 iiEI) AGED 

AT 600 °C 

A^i'ig Ylold 

Time strength 
in hg/ipii ^ 

Yield 
strength 
in Ksi 

III bins. to 
tensile 
strungtii, 
in Kg/itrai‘ 

ITltimate 
tensile 
strength 
■ in Ksi 

Percentage 

elongation 

3 Sv^cs. 

81.9 

116.4 

88.2 

125.4 

8.3 

5 secs. 

66.2 

94.0 

72.4 

103 . 0 

5.3 

10 sees. 

75.6 

107 . 5 

80.6 

114.2 

8.8 

30 Goes. 

56.7 

80.6 

74.0 

105.2 

14.6 

1 nin. 

53.5 

76.1 

65 .4 

92.9 

12.0 

5 iniiiB. 

34 . 6 

■19.3 

53,5 

75.9 

14.0 

10 mills. 

23.3 

40.3 

47.3 

67.2 

19.8 

TjlSLB 

4.3; HhCnAiilC/j:. 

PROPERTIES 

OP Cu-9Fi- 

6Sn ALLOY 


A]'!'.' 

■■•lEALED AJ'TD AGEP AT 350°C 


A.',i-''ig Yield 

’ Tiiiio s tr engt li 

in K'g/Yiira^' 

Yield 
strength 
in Ksi 

ul 0 iia , tre 
tensile 
strength 
in Kg /rain ^ 

Ultimsito 
ton silo 
strength 
in Ksi 

Percentage 
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40.9 

58.1 

15.1 

10 rains. 

54.2 

77.0 

62.1 

88.4 

12.0 
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45.3 
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14 . 0 

6 hours 

42.5 
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13.8 

15 hours 

41.9 

59.7 

55.0 
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9.1 

20 hours 

41.7 
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77-6 
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Fi«. 4,1 - K«ehanieftX prop«r1;ie8 of eol4 rolled aad 
aged at 350*0, Cu - 9Hi«6Sa alloy. 
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162.5 I'i-S i after 20 coconda igira': and rmniiis practically 
constrait at bhe sctao vtoLuo uio bo 1 ;.iinuto aging. There 


is a slight incr';a;?o in tiiu valai 
ninut'.ai aging. The 7.T.S. incr.-- 
value of 188 Zei aft...r 10 ininutc 
aging a sharp fall in tho Tj. T. S. 


.o to 163 Xai after 5 
afJGS charply to a masimun 
s agj.ng. Aftf'r 30 ninuto 
to 167.5 Xsi is noticed. 


The TJ.T.S, is practically coust'uit vritli values between 
161-166 Kei up to 15 hours aging. After 20 hoiirs aging tin 


U.T, 


S. V;alU( 


is 160.5 


xVt J 


for' centaa'c Elonav'.tlon : The P.E. of the cold rollec 

material is 2,7, This is practically’ coi-'.stant upto 20 
minutes aging. Ait or 30 minut'.ao o-gring there is ■an 
iiicr .a, 30 in the v;il\i<j to 4. 1-. Thin is construut upto 6 
hours aging. Tliore is a steady increase in tlio ?.B, 
with further aging. The ■laxiaiAm value of ?.B. of 5.3 is 
attained after 20 hours .aging. 


4.1.2 Gold Rolled and Agod at 600^0 ; 

Yield Strength (Y.S.) ; The Y. S. of the coll rolled 
maturial is 115.8 Zoi. It increases slightly to 116.-1- 
Kai .•'ifter 3 si;co:ids tagiU;*:-. Th-- Y. S. decreases sli-'-rply 
to 107.5 Zoi .after 10 second c -and 80,6 Ksi afbor 30 
seconds aging, Tho decr^.asing trend is maintained at 
higher aging time. It decreases stasalily to 76.2 Ksi 
after 1 minute and 49.3 Ksi after 5 minutes aging. After 
10 :r' 'uteG aging the Y. S. is 40.3 Ksi which is close to 
the 'innoalod value. 
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Ultiiaato feiicilo Strongth (U.T.Sj ; The U.T.S. 
of the cold rolled alloy vas 141.5 h’si. There is a sharp 
decrease in this value to 125.4 Ksi even after 3 seconds 
aging. On further aging the u'.T.S. decreases sharply to 

114.2 Zsi after 10 seconds, 105.2 Ksi after 30 seconds and 

92.9 Ksi after 1 minute aging. The decreasing trend is 
maintaihod for higher aging time. It decreases steadily to 

75.9 Ksi at after 5 minutes aging anxl 67.2 Ksi after 10 
m j n.u t ' J s aging , 

Percentage- Elongation (P.E.) ; The P.S. of the cold 
rollod alloy is 2.7. There is a sharp increase in the value 
to 8.3 ovcii after 3 seconds aging. It increases further to 
3.8 after 10 seconds and 14.6 after 30 seconds aging. Thoro 
is a slight decrease to 12.0 after 1 minute -aging. The P.E. 
value again increases to 14.0 after 5 minutes aging and a 
maximum value of 19.8 is -attained after 10 minutes aging. 

4.1.3 iinnoale-d on e Aged at 350*^0 ^ 

Yield Strength (Y. S.) : The Y. S, of the annealed 
ffio.fcerial is found to be cqiual to 32.7 Ksi. It increases 
sharply to 51 Ksi at 2 minutes aging and 77.0 Ksi after 10 . 
minutes aging. It increases further to give a maximum value 
of ';6.9 Ksi after 20 minutes aging. The Y. S. decreases 
sharply to 66.4 Ksi after 2 hours aging. The decre-asing 
trend is maintained at higher aging tirac. The Y.S, decreases 
steadily to 64,4 Ksi after 4 hours and 60.5 Ksi after 6 hours 




invr ixie' 

LDCa TIME IN SEE?; 
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of aging. The T.B. is practically constant upto 20 hours 
aging which give d a value of 59.3 ICsi. 

Ul tine, to ion silo Sbreii/.th (U.T.S,) ; The U.T.S, of 
the onnoalod iiie^torial is 55.2 ICsi. It increases slightly 
to 58.1 ICsi after 2 sfiinutus aging. Thei-’o is n, sharp increase 
to 88.4 Ksi after 10 ninutes aging. The maximun value of 
99.5 hsi is attained .after 20 minutes o-ging. The TJ.T.S. 
decreaoos slightly to 93.6 Ksi after 4 hours aging. The 
docr^. asing tre.nd is maintained for higher aging time and a 
U.T.S. value of 77.5 Ksi is obtained .a.ftor 20 hours aging, 

Porcciitagc El o ngation (P.E.) ; The P.E. of the annealed 
ni.aterial is 16.7. This decreases to 15.1 after 2 minutes 
aging and remains practically constant at this value upto 
6 hours of .aging. There is a sharp fall in the value to 9.1 
after 15 hours aging and the lowest value of 5.6 is obtained 
after 20 hours viging. 

4.2 Optical Micro struct-igr os ; 

Figure 4.4 shows the micro structure of the cold worked 
alloy. At this stage highly deformed rnd elongated grains 
c'ui be cec-n. Prosuxiably the gr.olns arc elongated along the 
rolling direction. Tlio micro structure of the alloy cold rolled 
and .aged at 350°G for 10 minutes is shomi on Figure 4.5. 

There is not much change from the cold worked structure. 

Figure 4.6 chows a similar nicrostructure for the alloy aged 




for 10 


1600X 


Boii^ 

for 1 


16001 ^ 
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for 1 hour c.t tL'da tonioeraturo. Howovor, nf“tc;r aging for 
10 nouro the- ijicrootructuro (Fig. 4. 7) oliovrs the precipitation 
of a second phano in the cold vrorked nrdrir. Extenaivo 
precipitation ie noticed after 30 hours of aging at 350°C 
(Pig. 4.8) . 

Tii .0 r.iicro cti'ucturo (Pigui’C 4.9) of tlao alloy annealed 
od 825''*C for 30 ninutcc shows ro crystallised grains of 
va.’'"’ JUS sizes. fwins can also be observed in cone grains. 

The na,turo ■^aicl ciorphology dx' the precipitate particles 
o.t the e.arly stao'cs O'f aging arc irkc very clear froiii the 
^ptico,! nici'ogh’aphn. In oi-dor to h'^vc •?. cleo.rer idea about 
their nataire oxteneivo clectroxi laicroscopy of thin foils of 
tho i,iat‘jrir.l at different stagpos of aging w;as carried out. 

4.3 Ele ct3:'oJi liicrc structure o ; 

Figure 4-10 shews the ele^ctron laicrograph of the 95 
per c.-;nt cold, worked alloy. At thic stage the cell structure 
.is elongated rind the olong'ition oocroG to be 'p?i,rallel to tho 
rolling directirni. The micrograph fro:: another area is shovna 
in Figure 4.11. Iho structure shows a prr; fusion of nicro- 
wi;'jS presui'iably duo to tho severe cold v^ork. The from 
till.- cold worked area is shoim in Figure 4.12. Figures 4.13 to 
4.23 are tlio rxiorographs of the alloy that has been cold 
rolled cjid age-d at 350^0 for varioxis lengths of tine. 

Figure 4.13 shows the i-iicrograph of tho alloy -aged for 1 
ninuto, Tho cell structure of tho cold worked state is 




' 1 % 


Cold Rolled and aged at 350"C 
for 10 hours - Mag. 1600X. 


4,8 1 Cold rolled and aged at 350 C 
for 30 hours *■ Mag, 1600X, 


fig, 4,9* toasaaed at 825®C t®** ^ miamtes - 

Mag^ 18001, 






Fig. 4,11: Cola rollod - Hag,51»000X. 



Fig^ 4*Mi Q0U roHid 
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mai'.itained . In addition a fine precipitation can be 

no '.iced in the 2 iatri:c. Fi/jare 4.14 slic''>rs the microstructure 

of ciie alloy that has been a^ged for 10 minutes. The dislocatio 

cell structure oi' the cold worked state is retained along with 

a fine matrix precipitation. iHternate dark and bright 

streation contra, st can also be noticed at a few places. The 

micrograph of the alloy that has been aged for 20 minutes is 

sho'^nu in Figure 4.15. The cold worked structure is retained 

,and tiiTins can also bo noticed at a few places. Figure 4.16 

shows the SaD from tlw above aroa. The microstructure of the 

alloy that has been a,god for 30 minutes is shoTO in Figure 

4.17. Tlio structure shows a large number of fringes. Tho 

0 

fringv, sopo,ration is of the order of 50-100 A . The corros- 
pov' hii'vg SAD .pattern is shown in Figu.re 4.18. The micrograph 
of t’lo a.lloy ''ci'i.ab I'las boon aged at 350°C for 1 hour is 
.sho'vra on Figuiro 4.19. Ih^.- contrast obtainod at this stage 

is similar to that shown by a spinodal decomposition .product. 
FigLiro 4.20 shows tho microstructurc of the alloy that has 
boon aged at 350°C for 2 hours. A fi.no matrix precipitation 
can bo clearly noticed. The dislocation coll structure of 
the cold wor'kod state is retained. In addition alternate 
dar]:. ;aad bright contrast streations are visible at many places. 
The micrograph of the alloy aged for 20 hours is showi in 
Figure 4.21, At this stage precipitates can be noticed in 
the cold worked matrix. Figure 4.22 shows tho micrograph 





Fig. 4*15< Cold ToXl&a aged at 550® C 
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Fig, 4,19t Cold rolled and aged at 350®C 
for 1 Hour - Mag, 66,OOOX. 


Cold rolled and aged at 350 C 
for 2 Hours - Hag, 117, OOOX. 


Cold rolled «uad aged at 350^^0 
for 20 komrs •» Hag* SlfOWX* 





from aiiothjr r‘,roci,. This aroa Bbxfs a profusion of procipitatos. 
The corresponding SAD is shown in Figo-re 4.23. On analysis 
it is so..n th-r.t the precipitates arc of an ordered phase. 
Discontinuous precipitates of varying sisos o,nd morphologies 
can bo seen on aging foi* 50 hours .:mcl 100 hours. (Figures 
4.24 and 4.25). 

Figoro 4.26 shows the uicrograpih of the alloy that ha.s 
b^en cold rolled and a^god at 600°C for 10 seconds. At this 
stage a few dis^-ocation free subgrains arc- present in the 
cold wo'i'hod raatrin. Tho matrix also shows a certain amount 
of ruCov..ry. The micrograph of tho allo3'- that has been 
ixQ^jd .at 600°C for 1 minute a,fter cold working is shown in 
FigTiro 4.27. The structur' chows ro crystallised grains 
grovjing into the cold worked ar^-as. Ln.mpy procipitatos can 
bo s-on both inside and at the boundaries of the recrystallised 
grains. Some pi\,cipitates crji also bo observed in tho cold 
■yor'i.ul areas, TLo micrograph of another o.roa is shown in 
FifCea.e 4.28. This shows a distribution of procipitaabos of 
di 'ierinit morphologies within the recrystallisod grains. 

Figure 4.29 {.'.hows the micrograph of the alloj^ that has boon 
aged for 10 mimites at the above temporaturo after cold 
rolling. The structure shows ro crystallised regions with 
v^ry fev/ cimall cold worked areas. Precipitates can be 
observed in tho recovered regions. In some regions the 
prucipit-it -G arc small and bigger procipitatos arc observed 
in other regions. 



Fig, 4*22: Coxa rolXea 'awd aged at 550®C 
for 20 Hoara - lag. 39,000X. 



fig, 4#2?i Coxa roXlod 
for 20 boam 


ftgod at 350®0 



fig* 4 *24 1 CoXa rollod mi ifOd at 35C^C for 
50 boar® •• Hag* |f*000I*' 
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Piguro 4.30 sIioxitg the micrograph of tho ..alloy that 
hao be 02 i annealed at 825°C for 30 minutco. The structure 
shows almost d.jf^ct free solid solution. Isolated disloca-tions 
can bo soon .at a few places in the matrix. Figures 4.31 
to 4.46 are the rdicrographs of the allo 3 ^ that has been annealed 
and aged -.t 350°G for v.arious lengths of time, Figaro 4.31 
is the mici'og‘r.a,ph n.L the alloi'" that has fjoen e-ged for 10 


in.i.nutuG. At this stage a modulated st-ructure is obt.ainod 
idiich is spinodal do composition product. Tho corresponding 
BAD, choan in S^iguru 4.32, indicates side band formation for 
th.: (200) spots. The micrograph of the Oilloy aged for 30 
iLiniitv.-.j is shovni in Figure 4.33. Tho modulated structure 
tj/pical of a, spinodal decomposition product is again observed, 
i'igur.a:: 4.34 to 4.36 :aro the SAD's from different aroas. In 
"•addition to tho f oiaiV-vtion of side bojids they rc-voal a few 
raipurl.attico rofloctionc. Figairo 4.35 shows a squrne pattern 


of sup or 1' I 
x>-'’.ttorn of 
.alloy aged 
obtained , 


ttico soots while Figirro 4.36 shows a heangona-l 
spots, figure 4.37 shows tho micrograph of tho 
for 1 hijiur. A modulated structure is ng.ain 
The corresp.jnciiDg SAD shovn .In Figure 4.38, has 


a 


fi,',; oxcra reflect i..r.is which mo.y bo due to suporlnttice 
ro *'lv-*ction. Tho micrograph of tho alloy th:it has boon aged 
f r 2 ii'urs is showi in Figure 4.39. It shows 3 different 
gr-ilnc. Tabular procipitatos can be noticed both inside tho 
(.pi'.ains and at tho gro,in boundaries. Aia interesting feature 





4*34 i AnnoalQd and at 350''C 

for 30 iBiaut©© 



tig* 4 *35 1 and aged at 350®C 

for 30 alnates 
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iG b.'io prcGoiicj of a well defined. procij)itato free zone 
Oil bo-'jii .oidGG of the grain boundary. Figure 4.40 shows 
tile ui crogr.aph of the alloy aged for 5 hours. A group of 
1 diociatinu.iiis precipitates con be oeen in the 

r.i ■' ■'.■r.j n. Ihe lonell.ox in any one group are nearly para,llel 
t.' onii an. tlier. The' corresponding SAD is shown in Figure 4.41. 
The ai Gi'ogr.aihi of thvj alloy aged for 10 hours is shown in 
Fi^yi.oe ■',■.■ 12 . The dis continuous prc'cipitatos which -were 
)bs ,;i‘vccl before .are in a more adv.anccd ctago of growth, 

Thu r.v in tcrl'uniiiolar spacing as well .as the average 
width of the loi'iellao are found to have incrciscd. In 
addition ,o j.ee .)th.er‘ precipitatoG can also be seen in the 
ii.terl'aui,.ll?.r space. The corroGpondi.ug SAD iG shoTO in 
■Figure The microgr.-iph of the .alloy aged for 20 hours 

i.;: ::,by'\m in PigiT-3:‘c -I-. 44. A few colonios of lamellar preci- 


C'ln be svuin :it this 


.gv. 


The average width of the 


l .‘. .lio,v;, tiiu i;it...'i'lajnellar spacing and the morphology of 
t’u.' l-'inellu.e vrj.es Widely from one colony to another. 

Fi;,„a’e ir: the inicrogr.ai!h of the alloy thit has boon 

ap;ed for 100 hours. The lamellar nature of the discontinuous 
;..r„ ei. a tube's is rot.aiiiod oven after sjuch prolonged aging. 

Th.' c -.rr cop ending S^ADis sliowTx in Figure 4.46. 


4 . SBH ile Quits ; 

Figure 4.47 is the micr^igraph of tlio 95 per cent 
cold worked alloy. The fracture surface shows a mixture of 
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S’lg. 4.48* Cold roUM - Kag. 400X, 





4*51.1 aroUwi utw 

for 10 Aintttofi 


0oia roU®^ aw5' «€®^ J 
for 20 - iM# 





69 



ai 




ioo * SOO ^4^0" SOA ^ 
TtHP«RATURE C®cl -- 




Soo 


AT 

(-> 


FI*. 4.53 - D.*.A. o«rv« for anno»l«d 
Cu-9Hi-6Siii mXloy, 



70 


T/iBLU SUITS OF X-RAY STUiy 


Conditi'.n of tbG iLllo5^ 

Pha 0 0 /Pha bos i 0 uii t i f i ed 

Aii]'L-alcd ofu 825^0 

a -CO lid solution 

iUio.o-'U.^d ■i.t 8 25'-'C 

■./'■■'u ■-'.t 350'^C for 30 r.inc. 

a-colid coluti-jn + x 

/iirura'X.. o.t S25'l5 ooid 

-it 530”‘C‘ j.oo 1 h-our 

a~, solid solution +x 

of 825°C 

."..k; ; .1; 5oO'-'0 for 5 liour.! 

a-colici solution +(CuiIi)^Sn 

4- 

^'.rjurolod .ot 82’3''^0 '.oicl 
•.,.-..01 i^t 350’ ‘C for 20 hours 

a-solid solution ■+■ (CuUi)^Sn 
+ X 

Coltl ’J ..'.’ohoO •o.ni':t 

'■•.t 350^^0 f:'!- 20 hours 

a-Golicl solution + (Cu.Ui).^Sn 


+ X 


A nvjibox' ol* 1 ill OB cou3-cI iz.v't Ido idoiiiiiicd* 



CHAPTER 5 


EISCUSSIOH OP RESULTS 

Extensive electron microscopy of the present alloy 
in tlie prior cold-vj'orked/aged and non prior cold -worked/ 
aged conditions clearly indicate three distinct stages of 
pre— precipitation/precipitation consequent upon aging. 

The most significant point to note is that the sequence 
of thii changes occurring in this alloy on aging is not 
altorec' depending on whether the alloy is prior cold -worked 
or not. The only difference that is noticed between these 
l;',;o conditions is that in the prior cold-worked material 
tliosc stages are somewhat shifted to a higher aging tempera- 
ture . 

Broadly speaking, on aging, the present alloy shows 
tho following threo phenomena in soquonce : 

(i) Formation of a spinodal decomposition product 

(ii) Formation of an ordered phase 

(iii) Dis continuous precipitation at a later stage. 

Of course, in. cc.so of tho prior cold— worked material, on 
aging, recovery and rccrystallisation of the highly dislocated 
matrix take place along with the precipitation processes. 

As has been stated earlier tho material annealed at 
025*^^^ nnd quenched is an P.C.C. solid solution of Hi and 
in. atoms in the copper matrix. Electron micro structure at 
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this sfco^go shows hardly, any foatur'-.s excepting almost 
dislocation free grains. Things do not change much till 
thu matorio.l is aged at 350*^G for 10 mimites (Figure 4.31). 

A modulated structure can bo clearly soon at this stage 
indicating th.'it spinodal decomposition has taken place. 

The wavelength of the modulations is approximatoly 50 2.. 

The 200 matrix spot in the corresponding diffraction 
pattern (Figure 4.32) is unusu.ally big and smeared which may 
be duo to the vor^.r close proximity of satellite spots flank- 
ing the mati’ix spot. Evidently the spinodal decomposition 
progresses with aging time and after 50 minutes the modula- 
tions become moi’.j pronounced (Figure 4.33). However, at 
this sta.ge togctJicr with the modulated structure some fine 
precipitates can also be seen. In fact SAl) taken from two 
such r.;gions with procipita,tos (Figures 4,35 and 4.36) show 
clo'.irly the formation of an ordered phase. In those photo- 
graphs suporlattice vSpots forming different typos of patterns 
can bo clearly scon along with the matrix spots. Although 
the crystallography and other details about this ordered 
phase has not yet been determined, attempts are underway 
to do so. The formation of the ordered phase could be 
dotcctod after 1 hour aging at 350°C. However, after aging 
the m.atorial for 2 hours at 350°C things started changing 
drastically. A.t this stage a discontinuous precipitate could 
bo soon present both at the grain boundaries as well as 
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grain interiors, Cloarly foir.iod donuiod zones aroiind grain 
boundaries (Figure 4.39) c?,n also be seen at this stage. 

V/ith the progress o:C' aging at 350'^C the discontinuous 
precipitates could be found to assuuo a lamellar shape. 

The D.T.A. curve for the annealed alloy (Figure 4.53) 
sl■iOl^^s two cloo,r-cut humps - the peaks appeai’ing at around 
300°C and 600°G. As the experimental results clearly 
indicate it is oxtromoly difficult to find out where the 
spinodal decomposition ends and the formation of the ordered 
pro cipitOvto s taL.os place. It ma 3 '' bo p>ostulated that duo to 
the spinodal decomposition a composition fluctuation occurs 
throughout the ;;iatriX thus creating alternate solute-depleted 
and solute-rich zones. It is likely thf^t ordering takes 
place in the solute-rich regions ultimately producing the 
ordered precipitates. Eventually, discontinuous precipitates 
■i'orr.icd at specific regions grow and engulf the whole of the 
ma.n’ix. It is suggested that thu first hump in the D.T.A. 
ci.'vm' may be associated with the s;)inodal decomposition and 
formation of ordered |)rccipitates whereas the second hump 
..tay bo asaoci;'.ted with the formation of the discontinuous 
precipitation phase. 

As mentioned earlier, in the cold-worked alloy heat- 
tro'ited at 350°C for various lengths of time the sequence 
of the above reactions is maintained but shifted to higher 
•tging time. Thus it may bo seen that fine striation-like 
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modulr.tions nro ;;^jrusc!nt in tho i.Ticrostructijrcs of ngod 

prior cold worked sariplcs also (Piguros 4.14, 4.15, 4.17, 

4.19). The wavGlungth of the modulations lie within the 
o 

range 50-100 A . The ordered procioitates in this ease 
n,ppoar at a much later sta.ge, viz. after 20 hours of aging 
at 550°C (figures 4.21 and 4.22). Finally the discontinuous 
pr eciiDitatos form and ongrrlf the entire region. Side by 
side with precipitation, the alloj/ recovers and finally 
recryst.r.llises with progressive aging. 

/i irjiubor of partly and fully ro crystallised micro- 
structures can bo scon in Figures 4.26 to 4.29. These all 
correspond to the alloy which has been cold -worked and then 
aged at 600°C for various Itmgths of time. The important 
point to note here is that the di scontinuou.s precipitate 
scorns to form quite early during the aging process both in 
the CO Id -worked and the r eery stalli sod regions. Because of 
the much higher aging temperature ro crystallisation is much 
f.'isteT hero. 

Spinodal decomposition in non-prior cold-worked and 
''.p;ed Cu-Ni-Sn allo 3 ,’'S h-^vo boon reported by a few workers [2, 
16]. Spinodal decoiip'osition in prior cold-worked and aged 
Cu-I'Ii-Sn and Cu-Ti alloys have also been reported by a 
few authors r2,13l. However, Plolmi and Zsoldos ("31 have 
put forv/ard some evidence to show that the heavily deformed 
state of the 1*'. ctice 


prevents tpiinodal decomposition of the 



75 


copper-rich Cu-Wi-Sn systems. The restilts of the present 
investigation, however, support the views of Plewes [2} 
and Dutkiewicz [13] and are contrary to those of Hehni and 
Zsoldos [3]. 

The fomation of the ordered phase dtiring the 
Ag i ng process of non-prior cold— worked Cu-Ni— Sn alloy has been ’ 
reported by Baburaj et al.[16]. ITo other worker working 
on the same system has shown any evidence of the deformation 
of the ordered phase. The present investigation shows that 
the ordered phase forms not only during aging of the non- 
prior cold worked material but also during the aging of the 
ijrior heavily deformed material. 

The mechanical property values like Y. S. , U.T.S. 
and P.E, in this alloy at any condition may be directly 
corrolatod to the corresponding microstructures. For example, 
for the non prior cold-worked material which is given the 
aging treatment the maximtun value of Y, S, (86.9 Ksi) and 
U.T.S. (99.5 Ksi) arc found to be attained when the micro- 
structure shows a highly modulated structure. Formation of 
the ordered precipitate does not seem to have much significant 
effect on these values which however seem to come down 
drastically with the formation of the discontinuous lamellar 
precipitation* The percentage elon^tion value also cemes 
down to the minimum when the lamellar precipitation is fully 
developed. 
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Procisoly sinilar -fercnd is noticed with the 
mochnnicnl proyorty values of tlio prior cold-x^orked and 
low toUi^erature (350°C) aged uaterial. The aaxicia in T.S. 
and U. T.S, aro obtained when the structure is fully nodulated. 
The reason why tho iischanical property values are about 
two orders of uagnitude higher in the prior cold -worked and 
aged natoriOvl with respect to its non-prior cold-worked 
counterpart is the extra hardening inparted by tho highly 
dislocovted natrix to tho otherwise nodulated natrix as a 
result of tho spinodal deconposition. In fact an optinun 
coi-ibination of all the nechanical property values nay be 
o.c’iiGVod by choosing tho proper aoount of cold dofomation 
together with the proper heat-treatnent, 

Tho nechanical i)roporty values of tho alloy prior 
cold -worked and aged at 600°C aro, in general, nuch lower 
conparod to tho corresponding values for the alloy heat- 
treated at a lower tonperature of 550°C. This nay bo 
explained as duo to nuch faster rocrystallisation in the 
fomer coapared to tho latter. 



CHAPTER 6 


COHCLUSIOH 

1. Thu Cu-9j:Ti-6Sn alloy is highly ago-hard enable and 
shows a nni-ibur of phase transitions on aging, 

2. The transf ornation sequence in both the prior 
cold -worked and o.god as well as non prior cold -worked and 

aged alloy has been found to bo: Solid solution Spinodal 

docOi iposition Ordered preci^^itation - Discontinuous 

precipitation. 

5. Tho successive phase transitions have been found to 
bo noro sluggish /ind occur over longer periods of aging tine 
in case of tho _^.rior cold worked naterial. 

4. The discontinuous grain-boundary precipitation 
on aging is aluost totally suppressed in the p'rior cold- 
worked alloy. 

5. Thori.ionochanical treataont has been found to be 
very effective. in iuproving the nochanical properties of 
this alloy, OptinuLi leochanical properties (in respect of 
yield strength and tensile strength) have been obtained on 
cold rolling to 95 per cent reduction followed by aging at 
350°C for 10 ninutos, 

6. The high strength achieved by 'IKT in this alloy 
is supposed to bo due to tho coabination of two factors - 
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tho stabiliGod high dislocation density in the cold-worked 
nnterial and the ]_)rcsonce of a nodiilatod structure produced 
hy s^jinodal decomposition. 
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APPE^IDIX 

A:.".LTilud 'Tt 825°C 


Rulp.tivo intensity 


2.09':50 

Strong 

2.0046 

Modoratoly strong 

1.3136 

Very strong 

1.2830 

Strong 

Annealed at 825°C and A,^o6. 

at 350°C for 30 Mins. 

— T”""-"— "■»-* — 1 

,,,n Rolativo intensity 

2.3082 

Weak 

2.1007 

Very strong 

1.8164 

Very strong 

1.4137 

Very weak 

1.2818 

Strong 

1.2084 

Moderately strong 

Ann v; 'lied at 825°C and A^3:cd 

at 350° C for 1 Hour: 

d 

Relative intensity 

2.3082 

Modoratoly strong 

2.0930 

Very strong 

1.0164 

Very strong 

1.2830 

Strong 

2.4623 

Weak 

2.1620 

Very weak 

2.0116 

Very weak 
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AnnG.nl^.d at 328°Q r!.nd AF.'^-d at 350^^0 fo^ 5 Hours : 


d 

Rolo-tivo intensity 

2.3082 

tiodorately strong 

2.0814 

Very strong 

1.8164 

Strong 

1.4137 

Moderately strong 

1.2830 

Strong 

1.4743 

V-ery weak 

2, 6469 

Very woak 

2.4790 

Vv-ry weak 

Annealed at 825*^0 

-,.,-1 Aged at 350°C for 20._hours; 

d 

Relative Intensity 

3.3237 

Very woak 

2,5060 

Very weak 


2.3075 

2,0896 

1.9959 

1.8790 

1.7990 

1.4104 

1.3329 

1.2754 

1.2046 

1.0893 

1.0427 


Strong 
YoTj strong 
Strong 
Very weak 
Very weak 
V/cak 

Very weak 
Very strong 
V/oak 

Very strong 


Strong 



Co^ld-woi'kod and A^od at 550° 0 for 20 Hours; 


d 

Relative intensity 

2.4623 

V/oak 

2.2986 

¥cak 

2.0814 

Yotj strong 

1.8053 

Strong 

1.4107 

Strong 

1.2761 

Very strong 

1.2093 

V/cak 

1.4828 

Very weak 
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